Sub-kelvin refrigeration is an increasingly vital technology for space missions. Future missions are pushing the development of refrigerators with high cooling power, low operating temperature, and, as always, low mass. In this paper we report on the development of an adiabatic demagnetization refrigerator (ADR) which can produce continuous cooling at temperatures of 50 mK or lower, with a cooling power goal of
INTRODUCTION
Adiabatic demagnetization of a magnetocaloric material (that is, a material that exhibits a marked change in entropy due to an applied magnetic field) is a decades-old method for producing sub-Kelvin temperatures in the laboratory. Recently ADRs have been developed for space flight 1,2,3 to cool infrared and x-ray detectors to below 0.1K. More low temperature detectors are planned for future space flights, including superconducting tunnel junctions coupled to rf-single electron transistors 4 , transition edge sensors 5 and spiderweb bolometers 6 , to measure x-ray, ultraviolet, infrared, and submillimeter radiation. Refrigeration is needed not only to cool the detectors to sub-Kelvin temperatures, but to cool the detector surroundings, or in SUB-KELVIN REFRIGERATOR DEVELOPMENTS the case of far infrared wavelengths, entire telescopes, to a few Kelvin. While mechanical coolers can achieve 4 K, they do so only at the expensive of a large input power and low thermodynamic efficiency. An ADR attached to the low temperature end of a mechanical cooler can improve the situation significantly.
The present state of ADR technology is represented by the system built for the X-Ray Spectrometer (XRS) instrument 3 and the ADR designed for SIRTF 1 . The XRS ADR uses a 920 g ferric ammonium alum (FAA) salt pill, a 2 T magnet and a gas-gap heat switch linking the ADR to a superfluid helium bath. Operating at 60 mK, it achieves a hold time of 36 hours with a parasitic heat load of and a detector cooling power of The SIRTF ADR is a two-stage system intended to be used with a 4.2 K (or warmer) heat sink, and uses FAA for low temperature detector cooling and gadolinium gallium garnet (GGG) as a guard stage to absorb the majority of parasitic heat loads. SIRTF no longer uses an ADR, but the design has been implemented by NIST for development of their x-ray spectrometer. The cooling power for this system, operating at 0.1 K, is also only a fraction of a microwatt.
Future missions require much higher cooling power and lower operating temperature than either of these ADRs would be able to achieve with reasonable hold times and overall mass. It will also be necessary, or at least highly advantageous, to extend the ADR's operating temperature range to ~10 K in order to mate it to a mechanical cryocooler. Having the ADR span a larger range will improve the performance of the overall system by allowing the cryocooler to operate where its efficiency is greatest. Extrapolating present designs, however, to meet these requirements results in fairly massive systems, at least in the 40-50 kg range. In this paper we describe a continuous-duty ADR that will be able to meet these requirements for less than 10 kg mass. Its operation has been described in detail previously, so here we just summarize its main features.
The continuous ADR uses multiple stages which are connected in series between the heat sink and the load to be cooled. During most of the cycle, the load is maintained at constant temperature by a slow demagnetization of the "continuous" stage. Periodically, this stage is recycled by cooling the adjacent stage to a lower temperature and turning on a heat switch. The net heat flow out of the stage will cause the control system to magnetize the refrigerant to maintain constant temperature. Once the recycling is complete, the heat switch is turned off and the adjacent stage is returned to a higher temperature so that it may transfer the heat to the next higher stage. The process is repeated until the heat is transferred to a heat sink.
The advantages of the continuous ADR are that:
• it achieves continuous refrigeration even at very low temperature • it achieves higher cooling power per unit mass because each stage can be recycled much more frequently • it can easily be expanded to operate over a wider temperature range than conventional ADRs; this is possible because each stage spans only a fraction of the total range, and one simply adds additional stages to span the total range desired • it is less massive because of the smaller refrigerant volumes needed and because the smaller operating range of each stage requires much less powerful magnets • it is more efficient because each stage is recycled more slowly than in a conventional system, and because parasitic heat inputs are absorbed at higher temperature • finally, the continuous nature allows heat to be dumped from the warmest stage to the heat sink at a slow, controlled rate, instead of in infrequent bursts as is typical for singleshot systems, thereby reducing the peak heat load on the cryocooler Having multiple ADR stages that are controlled independently does increase the complexity somewhat, but the performance gains and reduced mass more than offset these costs. Based on preliminary design studies, a continuous ADR operating at 50 mK using a 10 K sink could be made with a mass as small as 10 kg. This represents an order of magnitude increase in cooling power over existing systems, while the mass is actually reduced. Such a system envelops the cooling requirements for all currently planned space missions, and the high sink temperature will allow it to operate with a wide range of mechanical coolers under development.
